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ABSTRACT. The  op t ica l  parameters of t h e  v i s i b l e  surface of 
Jup i t e r  were s t u d i e d  through photographic photometry mea- 
surements made a t  t h e  hark of Kahr'kov Astronomical Observa- 

r ived to de termjne  t h e  op t ica l  parameters of the atmosphere 
and t h e  sur face  of t h e  planet by observing the smallest  
values o f  t h e  phase angle.  T h e  method i s  based on an approx- 
imation of t h e  observed and theore t ica l  d i s t r ibu t ions  o f  the 
br ightness  of t h e  planetary d i s k .  

. t o r y  between 1933 and 1959. A system o f  equations was de-  

A l a rge  number of photographs of J u p i t e r  were made with t h e  a id  of /30* - 
l i g h t  f i l t e r s  a t  t h e  Kahr'kov Astronomical Observatory i n  1932-1939 

by N. _ _  P. Barabashov _ -  [1-31, i n  1951-1954 by V. N.  Lebedinets [4] and i n  

1951-1959 by A. T. Chekirda. The photographs of 1933, 1935, 1938, and 1939 

were newly scanned photometrically i n  1954 by V.  N.  Lebedinets with t h e  a id  

of the MF-2 microphotometer [4]. These photographs showed br ightness  d i s -  

t r i bu t ions  along t h e  l i g h t  zones and the  dark b e l t  of J u p i t e r  which he ob- 

ta ined i n  1951-1954. The photographs obtained by A. T. Chekirda were mea- 

sured with t h e  a i d  of t h e  MF-2 microphotometer by t h e  author.  The charac- 

t e r i s i t c  curve of t h e  photographic f i l m  was p lo t t ed  from 10 marks obtained 

with t h e  a i d  of a tubular  photometer, and two ca l ib ra t ion  sca l e s  were applied 

on each f i l m  f o r  measurement. The main th ree  l i g h t  zones and t h e  two dark 

b e l t s  v i s i b l e  on t h e  Jovian d isk  were measured through 0 . 1  mm. The s c a l e  of 

t he  photographs was 9" i n  1 mm, and the  s i z e  o f  t he  photometer aper ture  was 

0.05 mm x 0.05 mm. 

each year  and each l i g h t  f i l t e r  were subjec t  t o  measurement. 

350 br ightness  d i s t r i b u t i o n  curves was obtained. 

br ightness  d i s t r i b u t i o n s  across  t h e  Jovian d i s k  a t  our disposal  i n  shown i n  

As a r u l e  t h e  two bes t -qua l i t y  images on two films f o r  

A t o t a l  of 

The t o t a l  number o f  r e l a t i v e  

Tables 1 and 2 .  

*Numbers i n  t h e  margin ind ica t e  pagination i n  the foreign t e x t .  
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TABLE 1 .  

432 1218 614 916 12rs 614 
521 - 1218 1218 1218 916 
504 121s 614 1218 614 1218 
648 1218 916 312 1218 12/8  

. .  
T .  

91s 
1218 - 
.9/6 

- -  
Fil ter ' lym:A 11933 1193.5 1 

432 - - I 
460 312 312 

Green 521 - - 
-Ye1 low 591 3/2 312 
Red 648 312 - 

F i  1 t e r  

. B l u e  
Green L 

Ye1 low 
Red 

.. 
TABLE 2. 

I n  these  Tables t h e  numerator des igna tes  the  number of  br ightness  d i s -  

t r i b u t i o n s  along t h e  l i g h t  zones, and t h e  denominator designates  those  along 

the dark bel ts .  

averaging t h e  r e s u l t s  of t h e  measurements of  3-5  plane tary  images and was 

in t e rpo la t ed  graphica l ly  t o  p o i n t s  s i t u a t e d  a t  d i s t ances  o f  0.05 of  t he  

equa to r i a l  r ad ius  of J u p i t e r .  

I n  Table 1 each br ightness  d i s t r i b u t i o n  was obtained by 

The information obtained on the  b a s i s  of  t he  photometric scanning of - /31 
approximately 190 images of J u p i t e r  i s  u t i l i z e d  i n  t h i s  manner. This obser- 

va t iona l  material i n  p r i n c i p l e  permits  us t o  so lve  t h e  inverse  problem of  

r a d i a t i o n  t r a n s f e r  i n  t h e  atmosphere of  J u p i t e r ,  i . e . ,  t o  determine t h e  op t i -  

cal parameters of var ious formations v i s i b l e  on the  p lane tary  d i sk .  However, 

t h e  usua l  method of  least  squares leads i n  the  given case t o  a poorly r e l a t e d  

system of  normal equat ions.  This occurs i n  view of t h e  smallness of t h e  
- 

a a l u e s  o f  t h e  c1 phase angle  of J u p i t e r .  The method of  prel iminary parabol ic  

approximation of observed and t h e o r e t i c a l  d i s t r i b u t i o n s  of br ightness  by 

means of Chebyshev polynomials, proposed i n  [12 ] ,  allows us t o  e s t a b l i s h  t h e  
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maximum poss ib le  number of parameters of a t h e o r e t i c a l  model of t h e  atmos- 

phere; t hese  may be determined i n  accordance with observat ional  da t a .  

case of t h e  r e l a t i v e  sur face  photometry of J u p i t e r  t h i s  number equaled two. 

Thus it i s  necessary t o  s e l e c t  a model of t he  atmosphere, f u l l y  defined by 

two parameters, which a t  t he  same time can more o r  l e s s  co r rec t ly  r e f l e c t  

In the  

physical  r e a l i t y .  We accepted a semi - in f in i t e  absorbent atmosphere with an 

i n d i c a t r i x  of s c a t t e r i n g  
._ 

x ( y )  = 1 + X l P l  (cos y )  + x2P2(cos y), 

where P and P a r e  Legendre polynomials, y i s  t h e  s c a t t e r i n g  angle .  A 

general  so lu t ion  of the  problem of d i f fused  l i g h t  r e f l e c t i o n  of a semi- inf i -  

n i t e  atmosphere with i n d i c a t r i x  of s c a t t e r i n g  (1) with t r u e  absorption was 

given i n  [SI. An approximate so lu t ion  i n  f i n a l  form i n  the  case x = 0.5 

and with low t r u e  absorpt ion ( surv iva l  p robab i l i t y  of quantum X near  1) was 

derived i n  [13].  

manner f o r  r e f l e c t e d  l i g h t  i n t e n s i t y  with a r b i t r a r y  x2 and X near un i ty  

(terms o f  t h e  order of 

1 2 

2 

Below a r e  shown approximation formulas obtained i n  a s i m i l a r  

were r e t a ined ) .  
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Here VS i s  i l luminance of the area s i t u a t e d  a t  t h e  boundary of t he  

atmosphere, normal t o  inc ident  l i g h t ;  0 and 6 are cosines of the  angles of 

l i g h t  r e f l e c t i o n  and incidence; 9 - 9, i s  t h e  d i f fe rence  i n  azimuth of r e -  

f l e c t e d  and inc ident  l i g h t .  In  order  t o  obtain formula (2) subs id ia ry  

approximation i n t e g r a l  equations f o r  function HcO) (q) i n  an Eddington approxi- 

mation, and the  Shuster-Shwarzschild approximation 

Hcl) (q) and HI2) (q) . An approximation formula was 

sphe r i ca l  albedo of  a p lane t  surrounded by such an 

Based on polydispersed i n d i c a t r i c e s  of l i g h t  

[15] on semi-transparent p a r t i c l e s ,  t he  dependence 

was solved f o r  funct ions 

a l s o  derived [14] f o r  t h e  

atmosphere. 

s c a t t e r i n g  ca lcu la ted  i n  

between c o e f f i c i e n t s  x and 1 
x 
t r i x  of s c a t t e r i n g .  However, with x values from 0 t o  2 it may be approxi- 

mated by t h e  funct ion x2 = 0.5 + 0.25 x 

tween x and x is  a l s o  maintained f o r  a "gas + aerosol" mixture. Thus two 

parameters remain t o  be determined: x t h e  "elongation" of the  i n d i c a t r i x  

of s c a t t e r i n g  and X, t he  quantum su rv iva l  p robab i l i t y ,  o r  t he  r a t i o  of t h e  

coe f f i c i en t  of s c a t t e r i n g  t o  the  sum of the  c o e f f i c i e n t s  of s c a t t e r i n g  and 

t r u e  absorption. 

was obtained, which p e r t a i n s  only t o  the  aerosol  component of t he  ind ica-  2 

1 
and t h i s  form of the  dependence be- l '  

1 2 

1' 

The assumption of t he  proximity of X t o  1 i n  t h e  model 

accepted follows as a r e s u l t  of t he 'h igh  (2 0.5) value of the  sphe r i ca l  

albedo of J u p i t e r  [14]. 
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In  agreement with [12] f o r  a l l  observed br ightness  d i s t r i b u t i o n  curves 
e e 
1 2 p re l imina r i ly  reduced t o  the  value c1 = 0, t h e  values b and b were calcu- 

l a t ed ,  which represent  coe f f i c i en t s  of the following presenta t ion  f o r  

-0,544 

-0,234 

r e l a t i v e  br ightness  d i s t r i b u t i o n :  

I ( I ~ s ) - ' = l - + b l u + b * u ~ ,  

2 0,053 

&O,C.32 

(4) 

-0,952 

-9,962 

where u = r2 i 0.4375, and r i s  the  r e l a t i v e  d is tance  from t h e  center  pf t h e  ' /33 - 

=0,032 

t 0 . 0 3 2  

disk .  This se l ec t ion  of argument u i s  assoc ia ted  with the f a c t  t h a t  where 

a = 0 t h e  br ightness  d i s t r i b u t i o n  i s  an even funct ion of the  d is tance  from 

the  center  of t he  d i s k ,  and the  s h i f t  by 0.4375, i . e . ,  t o  t he  point  with 

11 = 0.75 i s  made so t h a t  t h e  polynomial (4) b e t t e r  approximates t h e  value I 

where 0 < 11 < 0.5. The values I bl and b 

four  funct ions A and x 
Having in tegra ted  t h e  value 111 across  the  p lane tary  d isk ,  we obta in  t h e  

following expression f o r  t he  geometrical albedo of the  p lane t :  

were a l s o  tabulated [14] as 0' 2 
f o r  t h e  model of the  atmosphere which we accepted. 1 

With t h e  aim of  c l a r i f y i n g  t h e  dependence of the parameters desired on 

the  wavelength of l i g h t  and on time of observation, a two-factor ana lys i s  of  

var iance of obtained values be and be was made which shows t h a t  with a l eve l  

of s ign i f icance  of 0.95 poss ib le  s p e c t r a l  v a r i a t i o n  i n  the  green-red region 

and poss ib l e  changes with time with a l l  f i l t e r s  were within the  l i m i t s  of 

measurement e r r o r .  

1 2 

The values f i n a l l y  accepted f o r  coe f f i c i en t s  b: and be and t h e  confi-  2 
dence i n t e r v a l s  f o r  these  values a r e  given i n  Table 3. 

TABLE 3 .  

I L i g h t  zc 
N I 

- >. Ab," 

es  

bze 

-0,515 

-0,234 

- 

e 
Ab2 

&0,05l 

+0,81 

- -  
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Table 4 shows o p t i c a l  parameter values X and x which correspond t o  1 

the  da t a  i n  Table 3, and Figure 1 shows confidence e l l i p s e s  which charac te r ize  

t h e  inde f in i t eness  of determined values X and x l .  
i 

TABLE 4. 

48t)-650nzp I 0,957 11,361 0,980 /1,29 
430rnp 1,000 0,6 0,998 0,7 

I 

I 
I . , % , I  

43.3 w 5 a  ,I 

Figu re  1 .  Confidence Ellipses f o r  
Parameters X and x 1 '  

I n  view of t h e  fact  t h a t  a numb-r f imp 1 i f i ed sump t i on 1 9 e made - /34 
i n  connection with solving the problem, first of a l l  it i s  necessary t o  check 

the  r e s u l t  obtained by comparison with o ther  observat ional  da t a .  

shows t h e  s p e c t r a l  behavior of t h e  geometrical albedo of J u p i t e r  A 

Figure 2 

geQ [6] 
(curve l ) ,  and values  A 

bution and t h e  coe f f i c i en t  of br ightness  o f  the  cen te r  o f  the  Jovian d isk ,  

obtained i n  [4] (curve 2 ) .  The dashed a rea  3 ind ica t e s  values  of t he  geo- 

met r ica l  albedo ca lcu la ted  according t o  determined values h and x 

considerat ion f o r  t h e i r  i nde f in i t eness .  In  t h i s  connection i n  the  second and 

t h i r d  cases  t h e  value A was determined according t o  formula (S), and a 

value was taken which was an average of values  f o r  l i g h t  and dark regions.  

Considering t h a t  t h e  so lu t ion  which we obtained was based on approximations, 

we may consider  t h a t  the  o p t i c a l  parameter values  of t h e  atmosphere of  

found according t o  t h e  observed br ightness  d i s t r i -  
geo 

with 1' 

geo 

J u p i t e r  agree with i n t e g r a l  photometry da ta  i n  the  long-wave por t ion  of t h e  

spectrum (500-650 mp). 

t h e  con t r a s t  between the  l i g h t  zones and the  dark bands must amount t o  0.12, 

and t h e  average value 6f observable con t r a s t  i s  0.  10.  The n e u t r a l i t y  of  t h e  

1' In  connection with the  determined values  X and x 

m 

.op t ica l  p rope r t i e s  of J u p i t e r  i n  t h i s  region of t he  spectrum i s  a l s o  confirmed 

6 



by the  r e s u l t  of Ye. L. Krinov [ 7 ] ,  according t o  whose da t a  the  average 

spec t r a l  c o e f f i c i e n t  of br ightness  over the d isk  within the  l i m i t s  

490-650 mp remains a p r a c t i c a l l y  constant value.  An e s s e n t i a l  divergence 

occurs i n  t h e  blue por t ion ,  where the  r e f l e c t i v i t y  of J u p i t e r  d i f f e r s  qua l i -  

t a t i v e l y  from t h a t  which we obtained. Apparently t h e  accepted model of t he  

atmosphere i n  t h i s  por t ion  of t he  spectrum already proves t o  be unsa t i s fac-  

to ry ;  first of a l l  t h e  atmosphere must no t  be considered t o  be o p t i c a l l y  
homogeneousin a l t i t u d e ,  a s  assumed i n  the  model examined above. I n  order  t o  

check t h i s  proposi t ion a model of  a two-layer atmosphere (a  very rough one, 

of course) was examined on the b a s i s  of a formula from [8j Chapter V I I ] :  

2: 27 -- 
Is-l== A:qe C 4- 0,188(1-e-'), (6) 

i n  which 

from an underlying sur face ,  i n t e n s i t y  values of re€ lec ted  r ad ia t ion  were 

introduced, ca lcu la ted  f o r  the  model of the atmosphere under considerat ion.  

Thus it i s  assumed t h a t  above the  semi- inf in i te  gas-aerosol atmosphere t h e r e  

i s  an o p t i c a l l y  t h i n  layer  of  gas,  which s c a t t e r s  l i g h t  i n  accordance with 

t h e  Rayleigh law. 

i n  place of t he  term ASq, which charac te r izes  the  law of r e f l e c t i o n  

I t  appeared t h a t  with values fo r  l i g h t  zones T = 0 . 1  - 0.2 ;  

x = 1.2 - 1.5 and X = 0.974 - 0.984 and f o r  dark b e l t s  T = 0.10 - 0.20; 

x = 1.3 - 1.5;  X = 0.982 - 0.990 within the  l i m i t s  of observat ional  e r r o r s ,  

observed and ca lcu la ted  albedo values may agree.  

above the  Jovian cloud layer  t he re  i s  located a l aye r  of gas of s u f f i c i e n t  

depth t o  have a not#iceable inf luence on the  o p t i c a l  p roper t ies  of t he  p lane t  

i n  blue l i g h t ,  but the  accuracy of  observations a t  t he  present  time does not 

ye t  permit a more dec is ive  evaluation of the  parameters of t h i s  gaseous layer .  

1 

1 
I t  follows from t h i s  t h a t  

The phase funct ion f o r  J u p i t e r  (see Table 5) i s  found by means o f  t he  - /35 
r e l a t ionsh ip  obtained by V. V .  Sobolev [9] between t h e  planetary phase 

funct ion and the  parameters X and x 1' 
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I 
@(a) 1,000 
a 90" 

@ (2) 0,329 

0,958 

0,227 
l O 5 O  

0,725 
135" 

0.084 

0,580 0,447 
150" 165" 

0,035 0,010 

C .  

. .. . . - . . .. . .. - . - -. . -.. . _ _  . .-._.. . -. . . _. 

. .- 

I I_ -- _. 
L J  A-J 6'3 A X mu-. 

T h e  Spectral  Behavior of  t h e  
Albedo A .of J u p i t e r .  1 ,  

Harris ;  2 ,  a f t e r  V .  N .  
3 ,  range of values A which 

t o  determined values A and x , .  

I-----* 
.Ew 

geo 

g-eo 

F i g u r e  2 .  
Geometrica 

a f t e r  D .  L 
L e b e d i n e t s  

correspond 

TABLE 5. 
. . . .- 

30" 

0,854 
120" 

0,149 

- 
of t h e  

0 

o p t i c a l  parameter values  obtained,  For f u r t h e r  i n t e r p r e t a t i o n  

s h a l l  consider  t h a t  t he  gaseous components s c a t t e r s  l i g h t  i n  accordance with 

t h e  Rayleigh law. Then 

where k and k 

ponents of t h e  atmosphere. 

a r e  s c a t t e r i n g  c o e f f i c i e n t s  of t h e  aerosol  and gaseous com- 
Pa PR 

The Rayleigh s c a t t e r i n g  component i n  gases ,  as i s  known, has  t h e  form 
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-I _ -  - - -~ - 
.where 6 

Avogodro number; R is  gas r e f r a c t i o n .  
gas 

and l . ~  are dens i ty  and molecular weight of the  gas;  NA i s  t h e  
gas 

The s c a t t e r i n g  c o e f f i c i e n t  per  u n i t  volume of t he  aerosol  component of 

t he  atmosphere may be presented i n  the  form: - w 

kPa = Ib2Ra2k& ( k ,  ag, ~ 2 ) .  

8 

! i 
i 

(9) 

Here N i s  t h e  number of aerosols  p e r  u n i t  volume; d 

forming the  aerosols ;  Ra i s  the  r e f r a c t i o n  of t h i s  mat ter ; .k  

tabula ted  i n  work [15] f o r  p a r t i c l e s  of water i n  a i r ;  t h e  c o e f f i c i e n t  c i s  

assoc ia ted  with t h e  t r a n s i t i o n  from t h e  o p t i c a l  c h a r a c t e r i s t i c s  of water t o  

the  c h a r a c t e r i s t i c  (of r e f r a c t i o n )  of a given substance.  

i s  t h e  dens i ty  of matter * a 
is  a value 

Pa 

Subs t i t u t ing  (8) and (9) i n  ( 7 ) ,  af ter  c e r t a i n  t ransformations w e  

obtain : 

. - _  _. - 
I 

where p i s  a c e r t a i n  parameter which charac te r izes  t h e  p rope r t i e s  of t h e  

atmosphere; 

* 
c o e f f i c i e n t  C = 0.0211 g-I.  The values  k and x a r e  tabula ted  i n  [15] as - /36 

funct ions of t he  length of l i g h t  wave A ,  o f s t h e  average geometrical  aerosol  

dimension a 

s ions  cs . 
values x obtained above-are shown i n  Figure 3 .  

of t h e  dependence p = p(A) , we may f ind  the  values a and p .  

i n t e r s e c t i n g  po in t s  of t h e  curves i n  Figure 3 make t h e  assumption a n a t u r a l  

one t h a t  i n  the  por t ion  of t he  spectrum examined, p(A) = const .  

that .  a 
average one f o r  t h e  l i g h t  and dark regions i s  taken s ince  the d i f fe rences  i n  

values x here  f a l l  within the limits of observat ional  e r r o r .  Knowing a we 

f ind  xla, and then,  using (7) and the  determination of value A ,  we f i n d  t h a t  

- Pa l a  

and of t h e  d ispers ion  of t h e i r  d i s t r i b u t i o n  according t o  dimen- 

The r e l a t ionsh ips  p = p ( a  ) i n  connection with values cs2 = 0.5 and 

In  e s t ab l i sh ing  now t h e  form 

2 8  
g 

- 1  - 
The proximity o f  

g 
- 

Then w e  f i n d  

= 0.075 k 0.010 , p = 0.011 k 0.006 g-’cm6. A value which i s  an 
g 

1 g 

. t he  aerosol  albedo X (see Table 6) equals a 
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1. 

Figure 3 .  T h e  Spectral  Behavior of 
Values of Parameter p Which Charac- 
t e r i z e s  t h e  Atmosphere o f  J u p i t e r .  

Accepting t h a t  wi th in  the  l i m i t s  o f  observat ional  e r r o r s ,  t h e  s c a t t e r i n g  

p rope r t i e s  of  aerosols  i n  zones and b e l t s  are i d e n t i c a l ,  we f i n d t h e  r a t i o  of  

t h e  c o e f f i c i e n t s  of  absorpt ion i n  zones and b e l t s  t h e  d i f f e rence  of which a l s o  

s p e c i f i e s  t h e  observable con t r a s t  of  l i g h t  zones and dark b e l t s .  

kab b e l t  J 

kab zone' 

t i o n  of l i g h t  f o r  zones and b e l t s  a l s o  r evea l s  no systematic  d i f f e rence  and 

s i g n i f i c a n t  s p e c t r a l  behavior.  

The v a l u e .  

.= 1.56. We no te  t h a t  i n  agreement with [ lo ]  t h e  degree of  po la r i za -  

The o p t i c a l  depth o f  a homogeneous, pure ly  gaseous atmosphere i s  

(13) = k p R I ' r ,  

i n  which he ight  

where P i s  pressure ;  g i s  acce le ra t ion  of t he  fo rce  of g rav i ty .  Considering 

(83, w e  f i n d  tha t '  

i\J*>.4g 
- .  

In  agreement with V. I .  Moroz [ll], t h e  pressure  a t  t he  lower boundary 

of t h e  cloud l aye r  P = 2 atm, and t h e  l aye r  above t h e  clouds mainly cons i s t s  
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of hydrogen and helium i n  approximately equal q u a n t i t i e s .  For X = 589 mu - /37 
t he  r e f r a c t i o n  of hydrogen I$ = 1.04, and helium R 

t h e  value T 

589 * follows t h a t  0 .02 < T~~~ < 0.05, which agrees with the  determined value T 

For a f u r t h e r  refinement of t he  s t r u c t u r e  of the  Jovian atmosphere, and 

= 0.13, which leads t o  H e  
= 0.046. From t h e  evaluation obtained above f o r  T~~~ it 589 

i n  order  t o  obta in  more exact eva lua t ions  of i t s  o p t i c a l  parameters and more 

r e l i a b l e  i n t e r p r e t a t i o n s  of them, add i t iona l  ma te r i a l  i s  requi red  and it  i s  

necessary t o  conduct simultaneous i n t e g r a l  and absolu te  sur face  photometry 

of J u p i t e r  by the  pho toe lec t r i c  method with narrow-band l i g h t  f i l t e r s  i n  a 
wide range of wavelengths, including t h e  u l t r a v i o l e t  and t h e  i n f r a r e d  region, 

i n  those  por t ions  of t h e  spectrum as free as  poss ib l e  from absorption bands. 

I t  i s  necessary t o  obta in  br ightness  d i s t r i b u t i o n  a s  c lose  as poss ib l e  

t o  t h e  limb of t h e  d i sk ,  f o r  a t  d i s t ances  of 0.15 of the  rad ius  of t h e  

p lane tary  d i s k ,  which cannot be measured photometrically on photographs, w e  

lose  up t o  h a l f  of t h e  information which is  contained i n  t h e  br ightness  d i s -  

t r i b u t i o n  curve. 

. .  
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